Introduction: Mitochondrial respiration is impaired during endotoxemia. While catecholamines are frequently used in sepsis, their effects on mitochondrial function are controversial. We assessed effects of dobutamine and dopamine endotoxin on isolated muscle mitochondria. Materials and Methods: Sternocleidomastoid muscle mitochondria were isolated from six anesthetized pigs. Each sample was divided into six different groups. Three groups were incubated with endotoxin, three with vehicle. After 1 h, dopamine and dobutamine at final concentrations of 100 µM were added to the vehicle and endotoxin groups. After 2 h, state 3 and 4 respiration rates were determined for all mitochondrial complexes. Oxygen consumption was determined with a Clark-type electrode. Results: Endotoxin increased glutamate-dependent state 4 respiration from 9.3 ± 3.6 to 31.9 ± 9.1 (P = 0.001) without affecting state 3 respiration. This reduced the efficiency of mitochondrial respiration (RCR; state 3/state 4, 9.9 ± 1.9 versus 3.6 ± 0.6; P < 0.001). The other complexes were unaffected. Catecholamine partially restored the endotoxin-induced increase in complex I state 4 respiration rate (31.9 ± 9.1 versus 17.1 ± 6.4 and 20.1 ± 12.2) after dopamine and dobutamine, respectively (P = 0.007), and enhanced the ADP:O ratio (P = 0.033). Conclusions: Dopamine and dobutamine enhanced the efficiency of mitochondrial respiration after short-term endotoxin exposure.
INTRODUCTION
Mitochondrial dysfunction may contribute to impaired oxygen metabolism during experimental and clinical sepsis. [1] [2] [3] [4] [5] In normal conditions, mitochondrial oxygen consumption is well coupled to ATP synthesis: electron transport through the respiratory chain complexes creates a proton gradient across the inner membrane, essential for final ATP synthesis. The efficiency of mitochondrial respiration is dependent on the function of the respiratory chain enzyme complexes and on the structural integrity of the inner mitochondrial membrane. It has been proposed that during endotoxemia, direct inhibition of complex I of the respiratory chain by nitric oxide 4 and proton leak across the inner mitochondrial membrane 1 can contribute to impaired mitochondrial respiration and less efficient energy production. While the first mechanism indicates reduced oxygen consumption and ATP production, the latter mechanism implies oxygen use not related to energy production, and hence, reduced production of ATP per unit of oxygen consumed.
Catecholamines are used to support hemodynamics in septic patients. While these drugs improve the supply of oxygen to the tissues, the resulting changes in systemic and regional oxygen consumption are highly variable. Also, sepsis appears to modify the effect of some catecholamines on tissue oxygen consumption. In one study, dopamine decreased splanchnic oxygen consumption in sepsis while there was no change in non-septic patients. 6 In rats, noradrenaline administration after endotoxemia failed to restore the ATP decrease induced by endotoxin, 7 whereas in septic pigs Revelly et al. 8 found that noradrenaline returned the ATP content to control levels in the intestinal mucosa. Theoretically, catecholaminerelated changes in energy production may reflect changes in regional oxygen transport, in microcirculation and/or in cellular function. The effects of catecholamines on mitochondrial function and energy production are poorly understood and controversial.
Catecholamine depletion has been associated with reduced mitochondrial respiration. 9 Poderoso et al. 10 described a reduction in mitochondrial enzyme functions in the heart after administration of a selective β-adrenergic agent, while α-agonists did not produce this effect. However, no specific receptor effect could be demonstrated. Administration of isoproterenol has been shown to induce alterations in the mitochondrial membrane integrity. 11 In vitro, incubation of mitochondria with dopamine potentiated the NO-induced inhibition of mitochondrial respiration. 12 Recently, dopamine was found to inhibit mitochondrial respiratory chain enzyme complex I activity and ATP production in brain mitochondria. 13 Moreover, in brain and liver mitochondria, dopamine exposure induced an increase in the state 4 resting respiration due to membrane swelling induced by quinone formation. 14 In contrast, dobutamine and dopamine restored impaired mitochondrial respiration in myocardial ischemia in vivo. 15 These findings demonstrate that commonly used catecholamines may have profound effects on mitochondrial function and energy metabolism in vivo and in vitro, that these effects may be different between tissues, and that the effects may be modified by microcirculation alterations, flow redistribution, and the underlying pathophysiological condition.
In order to eliminate systemic effects of endotoxin and catecholamines (especially changes in oxygen transport and metabolism), we therefore aimed to describe the direct effects of endotoxin and catecholamines on mitochondrial function in vitro.
We hypothesized that the effects of endotoxin and catecholamines on respiration may interact. Specifically, we theorized that endotoxin-induced impairment of mitochondrial function is aggravated by catecholamines. Therefore, we assessed the effects of endotoxin and two selected catecholamines, dobutamine and dopamine, on isolated mitochondria. Since porcine endotoxemia shares many pathophysiological features with clinical sepsis, and because muscle tissue is also easily available in patients, pig skeletal muscle was used.
MATERIALS AND METHODS
The study was performed in accordance with the US National Institutes of Health guidelines for the care and use of experimental animals and with the approval of the Animal Care Committee of the Canton of Bern, Switzerland. Six pigs of both sexes (37-42 kg) were deprived of food but not water before the experiments. They were premedicated with ketamine (20 mg/kg) and xylazin (2 mg/kg intramuscularly), followed by cannulation of an ear vein and intravenous administration of midazolam (0.5 mg/kg) and atropine (0.02 mg) for endotracheal intubation 10 min later. Anesthesia was maintained with thiopental (7 mg/kg/h) and fentanyl (30 µg/kg/h). Half-an-hour after induction of anesthesia, a sample (10-15 g) was excised from the sternocleidomastoid muscle and immediately transferred to 100 ml icecold Chappel Perry solution for transport to the analytical laboratory. The animals were then used for another experiment. 16 
Mitochondrial isolation
Skeletal muscle mitochondria were isolated as described by Hoppel et al. 17 with slight modifications. The muscle specimens were rapidly immersed in ice-cold isolation buffer (KCl 100 mmol/l. MgSO 4 10 mmol/l, morpholinopropane sulfonic acid 50 mmol/l, ethylenedinitrolotetraacetic acid 1.0 mmol/l, and ATP 1.1 mmol/l, pH 7.4), transported to the laboratory, and weighed.
After several rinses with isolation buffer, the skeletal muscle was minced using scissors and suspended in 10 volumes (w/v) of the same medium and treated with a protease (Protease; Sigma-Aldrich, St Louis MO, USA), 5 mg/g mince, for 10 min at 4°C with constant stirring. The suspension was diluted with an equal volume of isolation medium supplemented to 0.2% (w/v) with defatted BSA, and homogenized in a Potter-Elvehjem homogenizer with a loose-fitting Teflon pestle (10 strokes). The supernatant was separated by centrifugation (10 min at 10,000 g), and the pellet was resuspended in BSA-supplemented isolation medium (10 ml/g tissue).
The suspension was centrifuged for 10 min at 2500 g, the supernatant was filtered through two layers of gauze, and the mitochondria were sedimented at 7700 g for 10 min. The mitochondria were subjected to two additional washes using 5 ml BSA-supplemented isolation medium/g tissue and 2.5 ml of (in mmol/l) 100 KCl, 50 morpholinopropane sulfonic acid, and 0.5 ethyleneglycol-tetra-acetate, pH 7.4/g muscle) and finally resuspended in ~1.0 ml of (in mmol/l) 100 KCl, 50 morpholinopropane sulfonic acid and 0.5 ethyleneglycol-tetra-acetate, pH 7.4.
Determination of mitochondrial respiration
To determine the respiratory function, mitochondria were incubated in a 3-ml incubation chamber (Yellow Springs Instruments, Yellow Springs, OH, USA) at 30°C, in a medium consisting of KCl 25 mmol/l, morpholinopropane sulfonic acid 12.5 mmol/l, ethylene glycol-bis-N,N,N′,N′-tetraacetic acid 1 mmol/l, and phosphate buffer 5 mmol/l, pH 7.4.
Oxygen consumption was determined using a Clarktype electrode (Yellow Springs Instruments), in the presence of glutamate 20 mmol/l to examine complex I-dependent respiration, succinate 20 mmol/l for complex II-dependent respiration, duroquinol 1 mmol for complex III-dependent respiration, and ascorbate 0.12 mmol/l, N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) 0.24 mmol/l for complex IV-dependent respiration.
As shown in Figure 1 , mitochondrial respiratory function is conventionally separated into different states. 18 State 3 is defined as ADP-dependent oxygen consumption, and reflects the mitochondrial respiration coupled to ATP production. State 4, the resting respiration, is a measure of the oxygen consumed uncoupled from ATP synthesis, but required to maintain the integrity of the membrane potential. We determined state 3 respiration rates in the presence of adenosine diphosphate (ADP) 200 mol/l. The rates measured after the consumption of ADP were taken as the state 4 respiration rates. Oxygen consumption rates are expressed as nanoatom O 2 /min/mg protein.
Respiratory control ratios (RCR: State 3/State 4) for all complexes and ADP:O ratios (ADP added/oxygen consumed, nanomol/nanoatom) for complexes I-III were calculated according to Estabrook. 19 Finally, the maximal ATP production (ADP:O Ratio x State 3 respiration, nanomolxnanoatom/min/mg protein) for complexes I-III was derived. 20 
Experimental protocol
Mitochondria from each biopsy sample were divided into six groups: three groups were incubated on ice with endotoxin (LPS, Escherichia coli lipopolysaccharide B0111:B4 [Difco Laboratories, Detroit, MI, USA], dose 100 µg/mg of mitochondrial protein) and three with vehicle (isolation buffer). After 1 h of incubation with endotoxin or vehicle on ice, dopamine or dobutamine was added at a final concentration of 100 µM for an additional hour. Tyrosinase was added at a final concentration of 100 U/ml. Stocks of LPS, dopamine and dobutamine were diluted in isolation buffer prior to addition to the mitochondria. The effect of LPS alone was tested after a 2-h incubation.
The protocol was started immediately after isolation of the mitochondria, and determination of the respiratory activity was complete no more than 5 h later (for all groups). 
Statistical analysis
The SPSS v.11.0 software package was used for statistical analysis (SPSS Inc., Chicago, IL, USA).
To evaluate the effects of endotoxin and the other drugs on mitochondrial function, analysis of variance (MANOVA) for repeated measurements was performed, using two within-subject factors (endotoxin [two levels], and drugs [three levels]). When there was a significant within-subject effect or an interaction, a second MANOVA was performed on the significant within-subject factor. In a post-hoc analysis, differences between groups were compared with a Mann-Whitney U-test. Statistical significance was considered at P < 0.05. Data are expressed as mean (SD).
RESULTS
Altogether, 36 samples were analyzed. Two measurements of the ascorbate/TMPD-dependent respiration were not performed for technical reasons. During one measurement of duroquinol-dependent respiration and five measurements of ascorbate/TMPD-dependent respiration, the state 4 respiration was not clearly detectable; consequently, the RCR could not be calculated. As a consequence of the small sample size (total n in all six groups = 29), no statistical analysis was performed for state 4 and the RCR of ascorbate/TMPD-dependent respiration.
Endotoxin was associated with an increase in glutamatedependent state 4 respiration (9.3 ± 3.6 versus 31.9 ± 9.1; P = 0.001; Fig. 2 ). Succinate-and duroquinol-dependent Table 2) . As a consequence of increased glutamate-dependent state 4 and unchanged state 3 respiration rates after endotoxin exposure, the glutamate-dependent respiratory control ratio (RCR; state 3/state 4) was reduced (P < 0.001; Fig. 3 ). The other RCRs were not affected by endotoxin (Table 3) .
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While dopamine and dobutamine in vehicle tended to increase glutamate-dependent state 4 respiration rates (Fig. 2) , neither drug changed succinate and duroquinoldependent state 4 respiration rates (Table 1) or state 3 respiration rates for all complexes (Table 2) . Consequently, dopamine and dobutamine tended also to decrease only glutamate-dependent RCR in vehicle samples (Fig. 3) .
Both drugs partially restored the endotoxin-induced increase in glutamate-dependent state 4 respiration rate (31.9 ± 9.1 after endotoxin versus 17.1 ± 6.4 after dopamine and 20.1 ± 12.2 after dobutamine; P = 0.007; Fig. 2 ). The effects of dopamine and dobutamine were similar (P = 0.461, between drugs). Neither drug affected the other substrate-dependent state 4 (and state 3) respiration rates (Tables 1 and 2 ). Both dopamine and dobutamine partially restored the endotoxin-induced 362 Porta, Takala, Weikert, Kaufmann, Krahenbuhl, Jakob Fig. 3 . Glutamate-dependent respiratory control rate (RCR) changes after endotoxin and catecholamine exposure. P (vehicle), LPS (lipopolysaccharide), DA (dopamine), DB (dobutamine). *P < 0.001 versus P; § P = 0.043 versus LPS. The effects of the two drugs were similar (P = 0.917). decrease in glutamate-dependent RCR (3.6 ± 0.6 after endotoxin versus 5.6 ± 1.4 after dopamine and 5.2 ± 1.2 after dobutamine; P = 0.043; Fig. 3 ). The effects of dopamine and dobutamine were similar (P = 0.917). Neither of these drugs altered the other substrate-dependent RCR ( Table 3) .
As shown in Table 4 and Figure 4 , the ADP:O ratios were not affected by endotoxin in the three analyzed mitochondrial complexes (P = 0.321). Despite a tendency to increase, the ADP:O ratio did not change significantly in vehicle samples after catecholamine administration (P = 0.262), but in the presence of endotoxin, dopamine and dobutamine enhanced the glutamate-dependent stoichiometry by 30% and 50%, respectively (P = 0.033). The effects of the two drugs were similar (P = 0.152 between drugs). Neither endotoxin nor the catecholamines significantly changed the maximal ATP production for any of the mitochondrial complexes analyzed (Table 4 ).
DISCUSSION
The main finding of this study was that, in vitro, both dopamine and dobutamine partially reversed the endotoxin-induced increase in the rate of non-energy-producing glutamate-dependent state 4 respiration. The unchanged state 3 energy-producing oxygen consumption at all enzymatic complexes, together with the decreased glutamate-dependent state 4 non-energy-producing oxygen consumption following dopamine and dobutamine in endotoxin-exposed isolated mitochondria, suggests that more energy was produced per unit of oxygen consumed. This was confirmed by the associated increase in ADP:O ratio.
Unlike in our experiment, human sepsis 4 and rat fecal peritonitis 21 have been associated with reduced activity of complex I in skeletal muscle. Similarly, reduced glutamate-dependent state 3 respiration was found in rabbit heart and skeletal muscle after exposure to endotoxin in vivo. 22 In cats, mitochondrial injury was apparent by 4 h after lipopolysaccharide infusion despite maintenance of tissue oxygen availability. 1 In that study, lipopolysaccharide treatment increased the rate of state 4 respiration, and also reduced the rate of state 3 respiration, especially for complex IV but also for complexes I and II.
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As pointed out by several authors, controversy with respect to mitochondrial dysfunction in the pathophysiology of sepsis [23] [24] [25] [26] [27] [28] [29] can be explained by several factors:(i) the use of different sepsis models; 23, 27 (ii) the use of different doses and time periods of exposure; 23, 24, 27 (iii) the use of different species; 21, 23 and (iv) the use of different levels of investigation (whole organisms, intact tissues, isolated mitochondria, cultivated cells, skin fibers). [23] [24] [25] 27 Accordingly, our results cannot necessarily be extrapolated to other conditions such as cecal ligation and puncture or human sepsis. Furthermore, the endotoxin dose we have chosen (100 µg/100 µl) is rather high. Others have used much lower doses (0.1 µg/100 µl; 30-32 10 µg/100 µl 33 ). However, since we used mitochondrial protein rather than cell suspensions, our preparations represent the mitochondrial content of a much larger space. Nevertheless, our results have to be confirmed in the presence of lower endotoxin concentrations.
In the present model, we used direct kinetic measurements of oxygen consumption in isolated mitochondria after incubation with endotoxin for a limited time period. We found no alterations in the ADP-dependent respiration, suggesting that the activity of complex I was not reduced. This finding leads us to believe that, in early stages of sepsis, the NO-mediated inhibition of complex I may not (yet) be present. In a recent study, NO-mediated blockade of the mitochondrial redox chain was described, but complex activities remained intact after 1 h of endotoxin infusion. 34 If the early response to endotoxin we measured is similar in the clinical situation, particularly in septic patients, it can have important consequences. Inefficient energy production would necessitate higher oxygen consumption for a given level of energy demand, thereby making the tissues vulnerable to any circulatory derangement.
Recently, dopamine was found to inhibit mitochondrial enzyme complex I activity, to reduce tissue ATP concentration in the brain, 13 and to increase the resting state 4 respiration in the brain and in the liver. 14 We found a non-significant increase in glutamate state 4 respiration following dopamine or dobutamine administration, but no effect of either dopamine or dobutamine on any of the other complexes of the respiratory chain of pig skeletal muscle mitochondria. Thus, the effects of dopamine and dobutamine on mitochondrial function appear to be dependent on the species studied and on the tissue from which the mitochondria are isolated. Nevertheless, since the RCR remained unchanged and the ADP:O ratio was maintained, dopamine is unlikely to have a major impact on ATP production. Stimulation of adrenoreceptors on the cell membrane can trigger metabolic effects which will have a major secondary influence on mitochondrial energy production. A number of papers demonstrated that catecholamines can induce changes in mitochondrial activity, both at the level of Krebs' cycle and the electron transport chain. 9,10 Such effects would have been missed in our experimental model.
We used concentrations of catecholamines which are in the highest range of concentrations reported by others. [35] [36] [37] Mean dopamine concentrations have previously been measured at approximately 1 µg/ml (6.5 µM) in neonates receiving dopamine infusions at 10 µg/kg/min, and at approximately 4.5 µg/ml (29 µM) with infusions of 15 µg/kg/min. 38 Whether our results can be reproduced with lower catecholamine concentrations has to be demonstrated.
It is conceivable that effects of sepsis or endotoxin can be organ-specific, especially in the presence of circulatory abnormalities. Our model eliminated the circulatory abnormalities. We, therefore, cannot exclude the possibility that effects of either endotoxin or catecholamines may be different in other tissues or organs, or in the presence of circulatory abnormalities. We found that both dopamine and dobutamine tended to normalize the endotoxin-induced alterations. We have recently demonstrated that dopamine reduced splanchnic oxygen consumption in clinical sepsis. 6 Although it would be tempting to speculate that this reflects a reduced state 4 respiration rate in liver mitochondria, this study does not justify extrapolation to tissues other than the muscle or to clinical sepsis.
In contrast to previous results, catecholamines improved the mitochondrial respiratory control ratio in endotoxinincubated mitochondria. This is a unique finding, and merits further comment. Improvement in the ADP:O ratio and maintained state 3 respiration imply that the oxygen consumption per quantity of energy produced of endotoxinchallenged mitochondria exposed to catecholamines was lower than after endotoxin challenge alone. This finding suggests once again that improvement in oxygen availability is not the decisive factor in ameliorating the mitochondrial function during catecholamine exposure. This can explain why the improvement in oxygen delivery induced by dopamine and dobutamine is not always accompanied by enhanced consumption. 6 As pointed out above, this in vitro experiment has limitations, since it does not reflect the corresponding in vivo conditions. The removal of the mitochondria from their physiological surrounding and the short time period of incubation largely prevents the effects of inflammatory mediators, hormonal changes, and enzyme induction, which can indirectly influence mitochondrial functions. In clinical sepsis, endotoxin and drug concentrations may be different from what we have achieved in this experiment. However, the relevance of this model is supported by similar findings in hepatic mitochondria after prolonged endotoxin infusion. 39 The aim of this study was to describe pure effects of endotoxin, and of dopamine and dobutamine metabolites plus their interaction on mitochondrial functions, excluding hemodynamic and cellular influences. In this context, additional studies investigating the effects of such substances on isolated cells, on tissue samples and directly in vivo, may provide further information on the effects of sepsis and commonly used drugs on cellular functions.
CONCLUSIONS
In the present in vitro model, short-term endotoxin exposure induced a large increase in muscle mitochondrial glutamatedependent state 4 respiration. The respiratory efficiency of complex I could partially be restored by catecholamine administration, suggesting amelioration in the H + /e -stoichiometry of complex I. This finding, if confirmed in patients, may indicate a beneficial effect of these drugs on muscle mitochondrial respiration in early sepsis.
